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Histopathologic studies have demonstrated accumulation of 
lipid droplets in myocardium subjected to 26 h of ischemic 
insult. Proton nuclear magnetic resonance (NMR) spectros- 
copy can provide a noninvasive means to evaluate changes 
in tissue lipid and, potentially, to characterize the ischemic 
insult. To determine whether lipids accumulate with a brief 
ischemic insult, myocardial lipid content was evaluated by 
‘H NMR spectroscopy of ex-vivo samples from seven dogs 
in a model of postischemic dysfunction created by 15 min of 
left anterior descending coronary artery occlusion followed 
by 3 h of reperfusion. Regional myocardial function was 
assessed by measuring segment length shortening with use 
of a pair of ultrasonic crystals placed in the ischemic zone 
and in the control zone. 
During the occlusion, all dogs had significant ischemia of 
the occlusion zone as measured by radiolabeled micro- 
spheres (0.08 f 0.08 versus 0.88 -C 0.09 ml/g per min for 
the control zone), and all dogs developed systolic stretching 
of the ischemic zone segment. Myocardial lipid content was 
significantly elevated in the samples from the coronary 
occlusion zone (p < 0.02). The increase in lipid signal may 
result from the ischemia-induced decrease in beta oxidation 
and resultant accumulation of fatty acyl esters (for exam- 
ple, fatty acids, triglycerides and acylcarnitines). 
In conclusion, this study shows that myocardium sub- 
jected to a brief (approximately 15 min) coronary occlusion 
followed by 3 h of reperfusion demonstrates a significant 
increase in NMR-detectable lipid content. 
(J Am Co11 Cardiol1989;13:739-44) 
In the nonischemic heart, oxidation of fatty acids constitutes 
the major energy source. With myocardial &hernia, oxida- 
tion is inhibited and intermediates of fatty acid metabolism, 
for example, long chain fatty acids and acylcarnitines, accu- 
mulate. By 6 h of coronary occlusion, microscopic lipid 
droplets (presumably triglycerides) appear (1,2). By 24 h, we 
have observed substantial increases in fatty acyl chain 
resonances with use of ‘H nuclear magnetic resonance 
(NMR) spectroscopy of myocardium (3). 
Accumulation of myocardial fatty acids, fatty acyl esters 
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and triglycerides has been implicated in cardiac arrhythmias 
(4,5) and contractile dysfunction (5,6). One mechanism by 
which lipids may interfere with function during reperfusion 
is through potentiation of free radical damage to the sarco- 
lemma1 membrane (7). In addition, the amphipathic nature of 
many lipids may play a role in disturbing membrane-related 
functions and enzymatic activities in the cell and subcellular 
membranes (8). Although increases in lipid content have 
been demonstrated after an ischemic insult of ~6 h (2,3,9), 
the shortest duration of ischemic insult capable of generating 
increased concentrations of myocardial lipids is unknown. 
However, prolonged myocardial contractile dysfunction or 
“stunning” has been demonstrated in the canine model of 
reperfusion after 15 min of coronary ligation (10,l I). Accord- 
ingly, the purpose of the present study was to determine 
whether increased concentrations of myocardial lipids can 
be detected by ‘H NMR spectroscopy after a brief interval of 
coronary occlusion followed by reperfusion to induce myo- 
cardial “stunning” in a canine model. 
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Figure 1. Flow diagram of the protocol used in the present study. 
Methods 
Canine model. The present study was undertaken in a 
canine model of 15 min of left anterior descending coronary 
artery occlusion followed by 3 h of reperfusion to induce 
postischemic myocardial dysfunction. The general protocol 
is schematically depicted in Figure 1. Adult mongrel dogs (18 
to 24 kg) were premeditated with 20 mglkg body weight 
intravenous sodium pentothal, intubated and ventilated with 
50% nitrous oxide, halothane (5% decreasing to 1% over 
approximately 5 min) and oxygen. A left thoracotomy and 
pericardiotomy were performed. A Millar catheter-tipped 
pressure transducer was inserted from the left carotid artery 
into the left ventricle. In addition, a “pigtail” catheter was 
inserted into the left ventricle from the left femoral artery 
and adjusted to register zero pressure at the midchest level. 
The’fluid-filled system was then used to establish the zero 
level of the Millar catheter-tipped transducer. A small vinyl 
catheter was inserted into the left atria1 appendage for 
injection of radiolabeled microspheres (15 pm, New England 
Nuclear). Another catheter was placed in the right femoral 
artery to obtain reference blood samples for 3 min during 
injection of microspheres. Finally a catheter was placed in 
the left femoral vein for fluid administration. 
The left anterior descending coronary artery was isolated 
and a silk suture was placed proximal to the first major 
diagonal branch. Two pairs of ultrasonic crystals (Schussler 
& Associates) were placed within the myocardial wall ap- 
proximately 5 mm from the epicardium to monitor segment 
length: 1) in the midst of the territory delimited by the left 
anterior descending and its branches distal to the occlusion 
site, and 2) in the territory supplied by the left circumflex 
coronary artery (Fig. 2). End-diastolic segment lengths in the 
Figure 2. Frontal view of the heart depicting the left anterior 
descending (LAD) and left circumflex (Cx) coronary arteries, the 
location of the ligature (L) and the location of the anterior crystal 
pair in the ischemic zone (IZ) and control zone (CZ). Ao = aorta; 
LA = left atrium; LV = left ventricle; PA = pulmonary artery; RV 
= right ventricle. 
control state ranged from 8 to 15 mm. The electrocardiogram 
(ECG), the two segment lengths, the left ventricular pressure 
and the first derivative of left ventricular pressure (dP/dT) 
were recorded on a Gould ES 1000 electrostatic recorder. 
End-diastolic segment length was measured at the onset of 
the rise of left ventricular pressure, and end-systolic segment 
length was taken 20 ms before peak negative dP/dT (12). 
Data from five consecutive beats were obtained by a digitizer 
(Summagraphics Bit Pad One) and averaged with the use of 
a Digital Equipment Corporation LSI-11/23 computer to 
obtain each data point. To avoid elevation of lipid content 
that may result from fasting, the dogs were fed on the 
evening preceding each study. 
Hemodynamicmeasurements. Control hemodynamic mea- 
surements were obtained and control blood flow was mea- 
sured by administration of radiolabeled microspheres. Im- 
mediately thereafter the left anterior descending artery was 
occluded. Hemodynamic measurements were made at 5, 10 
and 15 min of occlusion and blood flow was measured by 
injecting radiolabeled microspheres at 10 to 15 min of 
occlusion. Reflow was initiated 15 to 18 min after occlusion 
and hemodynamic measurements were repeated at 5, 10, 15, 
20, 30 and 45 min and at 1, 1.5, 2, 2.5 and 3 h. During the 
study, the dogs received 0.9% saline solution intravenously 
to maintain left ventricular end-diastolic filling pressures. 
Reperfusion blood flow was measured just before the dog 
was killed at 3 h of reflow. 
The heart was arrested by injection of 20 ml of saturated 
potassium chloride intravenously and was then removed and 
sliced (approximately 1 cm/slice) in a bread loaf fashion from 
apex to base. Endocardial and midwall samples were ob- 
tained from the center of 1) the previously ischemic zone, 
and 2) the left circumflex-perfused territory as visually 
identified from the area of cyanosis and contraction abnor- 
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Figure 3. Diagram of a myocardial slice showing the location of the 
nuclear magnetic resonance CNMR) samples. *Ischemic NMR sam- 
ples: +control NMR samples. PDA = posterior descending coronary 
artery. Shaded area is the approximate ischemic zone. Other abbre- 
viations as in Figure 2. 
mality during the period of occlusion (Fig. 3). Epicardial 
samples were not used because of possible contamination 
with epicardial fat. Myocardial samples (average 200 mg 
each) were placed in 5 mm NMR tubes and stored on ice. 
High resolution NMR spectroscopy. High resolution ‘H 
NMR spectra were acquired with a 360 MHz wide bore 
spectrometer (Bruker Instruments) in the pulse Fourier 
transform mode. A standard 5 mm ‘H probe was employed. 
NMR tubes containing myocardial samples were adjusted so 
that the sample was located within the sensitive region of the 
radio frequency coil. A capillary tube containing sodium 
3-trimethylsilyl propionate-d, (TSP) was inserted into the 
middle of the sample as a reference and as an external 
concentration standard for normalization of the lipid reso- 
nances. 
Proton spectru were obtained as describedpreviously (3). 
Spectroscopy was performed on all samples within 6 h after 
the heart was excised. To examine the effect of storage. 
some tissue samples were studied within I5 min and again at 
3 h after excision. There were no apparent effects of tissue 
storage on lipid resonances, creatine or choline/carnitine. 
Samples were kept on ice before analysis, but NMR spec- 
troscopy was performed at the ambient temperature of the 
NMR probe (22°C). Each sample was allowed to equilibrate 
to this temperature in air before measurement. 
The methylene (-CH,-),, resonance (1.31 ppm) was used 
for analysis (further details have been published previously 
[31), although additional lipid-related resonances were 
present representing methyl (CH,-) and alkyl (-CH,-CO,-) 
groups in the area of the known lipid resonances (see 
Results). The NMR observable tissue lipid content or 
“mobile lipid” (ML) was expressed in two ways: 1) as the 
area under the methylene resonance, normalized to the 
external standard (TSP) and divided by sample weight (ML/ 
TSP per g): and 2) because myocardial creatine (Cr) would 
not be expected to change in this model, mobile lipid 
methylene resonance area was divided by the creatine 
resonance area (MLICr). Thus, normalization was accom- 
plished in approach I with use of an external standard and in 
approach 2 with use of an internal standard (creatine). 
Microsphere analysis. Myocardial and femoral artery 
blood samples were weighed and their activities determined 
in a gamma well counter (LKB Corporation). The perfusion 
in ml/g per min for each myocardial specimen was computed 
with use of a blood flow analysis program on an LSI-II 
microcomputer (Digital Equipment Corporation). A sample 
from the ischemic zone with a blood flow of ~0.4 ml/g per 
min during the occlusion period was considered ischemic. 
To minimize the possibility that control samples were isch- 
emit. the samples obtained from the wall opposite the left 
anterior descending artery territory with occlusion blood 
flow of >0.4 ml/g per min were used. Only one sample from 
the visually identified ischemic zone and one sample from 
the opposite noninvolved wall were eliminated by these 
criteria. 
Statistical analysis. Mobile lipid/external standard/g and 
mobile lipidicreatine ratios were analyzed with use of mixed 
model two-way analysis of variance with subsampling. This 
analysis has 6 degrees of freedom for error, reflecting 1 less 
than the number of dogs. Larger mean values for these ratios 
were comparable with the standard deviations for the dog by 
tissue type means. These findings imply that the log trans- 
form of the original data ratios is the more appropriate unit of 
analysis: however, when these analyses were performed, the 
results were quite close to those obtained on the ratios 
themselves. For this reason, to facilitate interpretation, the 
analyses of the ratios were reported. Values are reported as 
mean values 2 SEM. 
Results 
Myocardial functional and hemodynamic data. Left ven- 
tricular end-diastolic pressure was initially 6.3 ? 0.7 (SEM) 
mm Hg and rose significantly to 9.8 _t 0.8 mm Hg (p < 0.05) 
after I5 min of occlusion; by 3 h of reperfusion this value 
returned to control levels (5.7 + 0.7 mm Hg). The heart rate 
was initially 102 i 3 beats/min and did not change signifi- 
cantly during the experiment (I07 5 3 at 15 min of occlusion, 
98 +- 5 after 3 h of reperfusion). Left ventricular systolic 
pressure was initially 88 2 4 mm Hg, decreased slightly to 80 
_t 5 mm Hg (p < 0.05) at 15 min of occlusion and returned to 
89 + 4 mm Hg by 3 h. Percent segment shortening decreased 
rapidly with occlusion to -29 t 8% of the preocclusion 
value. indicating systolic stretching or “bulging” (Fig. 4). 
With restoration of blood flow there was prompt improve- 
ment to 23 +- I I% of the control value of the previously 
ischemic segment followed by a more gradual return of 
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Figure 4. Average normalized percent segment length shortening 
(ordinate) plotted over time (abscissa) for all seven dogs studied. The 
left anterior descending coronary artery occlusion was performed at 
- 15 min. The onset of reperfusion (solid truncated arrows) occurs rit 
0 min. The upper plot (solid circles) represents the control zone, 
whereas the lower plot (open circles) represents the ischetnic zone. 
The error bars represent SEM. Note the development of systolic 
stretching (negative values for percent segment length shortening) in 
the iscbemic zone during the 15 min occlusion period. There is 
prompt partial recovery followed by slow improvement in contrac- 
tile function over the 3 h reperfusion period. 
function to 46 ? 17% of preocclusion shortening by 3 h of 
reperfusion. The control zone was not substantially affected; 
although some accentuation of shortening was observed at 
15 min of occlusion (116 -+ 8%), values returned to near 
control levels (101 ? 17%) after 3 h of reperfusion. 
Myocardial blood flow (Fig. 5). Both control and ischemic 
zones had similar blood flow (0.86 ? 0.07 ml/g versus 0.79 * 
0.06 ml/g) before coronary occlusion. After left anterior 
descending artery occlusion, coronary blood flow decreased 
significantly (to 0.08 ? 0.02 ml/g) in ischemic zone samples 
(p < 0.001) and increased slightly (to 0.88 + 0.06 ml/g, p = 
NS) in the control zone. After 3 h of reperfusion, coronary 
blood flow returned toward control levels (0.60 2 0.04 ml/g) 
but remained significantly less than the preocclusion value in 
the ischemic zone (p < 0.02). In the control zone, blood flow 
decreased but not significantly to 0.77 t 0.05 (ml/g). 
Proton NMR spectroscopy. Representative proton spec- 
tra from the central occlusion and from control zone myo- 
cardium are illustrated in Figure 6. In the control zone, low 
amplitude peaks were observed at 2.25, 1.28 and 0.91 ppm, 
which have been previously assigned, respectively, to alkyl 
(-CH,CO,-), methylene (-CH,-), and methyl (-CH,) compo- 
nents of lipid (13). In the occlusion zone, these lipid reso- 
nance peaks were substantially elevated. Comparisons with 
ischemic and control samples demonstrated a significant 
0.8 
0.6 
Pre-occlusion 
Figure 5. Microsphere-determined regional myocardial blood flow 
before occlusion (left bars), during occlusion (center bars) and with 
reflow (right bars) expressed as ml/g per min. The batched bars 
represent the mean flow (SEM) in control zone samples whereas the 
solid bars represent the mean flow in the samples from the ischemic 
zone. 
difference in NMR-detectable lipid content between the 
previously ischemic and control samples with use of both 
methods of normalization with 1) mobile lipid/external stan- 
dard (TSP)/g (p < 0.05); and 2) with mobile lipid/creatine 
Figure 6. Spectra from the control zone and from the ischemic zone 
(occlusion zone). The peaks representing the external reference 
(TSP), the terminal methyl groups (-CH,), the methylene groups 
(-CH,-) and the carbonyl groups (-CH,-CO,-) of the fatty acid 
chains and the methyl groups of creatine and cholinelcarnitine are 
indicated. There is an increase in the resonances arising from the 
fatty acid chains (lipid) in the spectrum from the ischemic zone. 
Flow is 0.04 and 0.91 ml/g per min in the occlusion and control 
zones, respectively. 
CHOLINEKARNITINE 
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I 0 
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Figure 7. Mobile lipid (ML) content relative to the external stan- 
dard sodium 3-trimethylsilyl propionate (TSP) (MLITSP per g) and 
to the internal standard, creatine (MLICr). The cross-hatched bars 
represent the control zone samples, whereas the open bars represent 
the ischemic zone samples. The difference between control and 
ischemic zones is statistically significant with the use of either 
standardization approach. 
(p < 0.02) (Fig. 7). Mobile lipid increased 2 to 2.5 fold when 
compared with external standard (TSP) or tissue chromium 
as internal and external standards, respectively (Fig. 7). 
Table I lists values for the raw integral areas for the 
methylene (-CH,-)n, methyl (-CH,), creatine, choline/carni- 
tine and external standard (TSP) resonances as well as the 
normalized mobile lipid resonances. The raw values for 
mobile lipid and CH, were significantly elevated in the 
ischemic zone and, as expected from a model of reversible 
ischemia, the creatine and cholinelcarnitine resonances were 
not. 
Discussion 
Lipid accumulation in ischemic myocardium. The present 
study demonstrates an increase in lipid signal intensity by 
proton NMR spectroscopy in myocardium after only I5 min 
of coronary occlusion followed by 3 h of reperfusion. The 
occurrence of these signals in a canine model of myocardial 
“stunning” suggests that the contractile depression after 
short periods of reversible myocardial ischemia may co- 
incide with alterations in myocardial lipid metabolism. The 
data suggest that whatever the mechanism by which fatty 
Table 1. ‘H Spectroscopic Data in Seven Dogs 
Control lschemic D Value 
Mobile lipid (-CH+, 27 ? 4.2 65 + II co.03 
Methyl (-CH,) I1 t 1.9 28 + 5.0 co.03 
Creatine 46 + 5.6 49 ? 6.9 NS 
Cholineicarnitine 77 ? 8.3 77 + 10.9 NS 
TSP 21 ? 2.1 23 + 3.3 NS 
MLiTSP per g 6.9 k 0.91 17.7 + 3.5 10.05 
MLiCr 0.78 i 0.14 1.7 ? 0.25 10.02 
Cr = creatine: ML = mobile lipid: TSP = sodium 3-trimethylsilyl 
proprionate (external standard). 
acid metabolism is altered, this metabolic abnormality can 
persist for r3 h of reperfusion. 
Lipid accumulation with myocardial ischemic insult has 
been well demonstrated previously. The presence of lipid 
droplets in ischemic myocardium has been observed by light 
microscopy as early as 6 h after coronary occlusion in dogs. 
Such lipid droplets were apparent in both viable and nonvi- 
able myocardial cells (2). Work in perfused isolated rat 
hearts (14) suggests to us that the lipid resonances may not 
be attributable to ischemic elevation of acylcarnitine and 
acyl CoA because they are readily metabolized with the 
onset of reperfusion. However, the canine model of ischemia 
in vivo is physiologically more complex than the isolated rat 
heart so that the molecular nature of these lipid resonances 
may still be accounted for by these acyl esters or by 
triglycerides that were not measured in the prior studies. 
Potential factors responsible for NMR-visible lipid accumu- 
lation. Accumulation of myocardial lipid observed in the 
present study must be related, at least in part, to reduced 
oxidative metabolism with resultant decrease in fatty acid 
utilization. A switch in substrate preference from lipid to 
glucose has been reported to persist in post-ischemic, reper- 
fused myocardium (15,16). The precise metabolic lesion or 
lesions that may be responsible for inhibition of beta- 
oxidation is unknown. However, fatty acids and their metab- 
olites are well known effecters of intermediary metabolism 
(17) and have been implicated in regulation of oxidative 
enzymes as well as adenosine triphosphate (ATP) delivery 
from the mitochondrial matrix to the cytosol. 
Two potential sources of the NMR-visible lipid reso- 
nances are I) exogenous (plasma-derived) lipids, and 2) 
endogenous (intracellular) lipid pools. The latter possibility 
could be the result of redistribution of lipid from an intracel- 
lular environment that was previously NMR “silent.” Other 
endogenous sources of NMR lipid signal may derive from 
breakdown of cell membranes and accumulation of NMR 
visible lipid products. Burton et al. (9) reported a significant 
increase in endogenous levels of tissue free fatty acids in 
irreversibly injured, ischemic rat heart. These changes par- 
alleled the development of contractile failure and cellular 
Ca2+ accumulation. Although tissue lipolysis of membrane 
phospholipids also can increase cellular free fatty acid (Ifi), 
it is unlikely that significant accumulation of such break- 
down products would occur with a I5 min occlusion and 
result in NMR observable intracellular concentrations after 3 
h of reperfusion. 
Exogenous sources include uptake and esteri’cation of 
plasmu fatty acids in the absence of oxidative metabolism. 
In support of this interpretation, positron emission tomo- 
graphic studies (15,19) with the use of “C-labeled palmitic 
acid in the chronically ischemic heart have provided striking 
evidence for the presence of increased accumulation of 
blood-borne fatty acid in reversibly injured cells. In a rat 
heart model of reversible ischemia (l6), C-14 palmitic acid 
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extraction was normal soon after reperfusion, whereas fatty 
acid oxidation was reduced and recovered at a rate that 
paralleled the rate of function recovery. 
Association of functional recovery and lipid accumulation. 
Although the number of studies is too small to make statis- 
tically valid conclusions, it is interesting that there were two 
types of hemodynamic responses in the seven dogs studied. 
Three of the dogs recovered function by the end of the 3 h 
reperfusion interval, but four did not. This difference was 
not explained on the basis of differences of regional myocar- 
dial blood flow to the ischemic zone during the coronary 
occlusion period as determined from microsphere analyses. 
The myocardial lipid resonances for the previously ischemic 
tissue was substantially higher than control resonances when 
recovery was not complete by 3 h, while the amount of lipid 
accumulation was less when myocardial function returned to 
normal by the end of the 3 h reperfusion period. Although 
conclusive statements cannot be made on the basis of so few 
data points, we believed that this observation was notewor- 
thy. Further work is ongoing to examine the potential 
relation between lipid accumulation and contractile dysfunc- 
tion. 
Possible clinical implications. Clinical methods to evalu- 
ate metabolic processes by NMR imaging methods are 
evolving. The accumulation of NMR-observable lipids in the 
myocardium associated with “stunning” suggests a potential 
role for such methods as they become technically feasible, 
for example, by chemical shift or spectroscopic myocardial 
imaging. In vivo spectroscopic imaging of the heart awaits 
development of appropriate water suppression techniques 
for application to the moving heart deep within the thorax. 
Conclusions. We have reported an increase in the proton 
NMR-observable lipid resonances in a canine model of 15 
min of coronary occlusion followed by reperfusion. This 
increase in lipid signal may result from the ischemia-induced 
metabolic depression of fatty acid oxidation with continued 
uptake (16). Because NMR spectroscopy has the potential to 
image lipids, NMR detection of these lipids may provide a 
sensitive clue to metabolic dysfunction associated with early 
myocardial ischemic insult. Further studies are needed to 
determine the mechanisms and significance of myocardial 
lipid elevation, and the specific lipid moieties that are 
present. 
We gratefully acknowledge the important contributions of Kathy Kirk, PhD in 
the statistical analyses and of Margaret A. Burchfield in secretarial assistance. 
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